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Nicotinic acetylcholine receptors (AChRs) are members of a gene superfamily of 
ligand-gated ion channels that includes GABA a receptors, glycine receptors, and 
5HT-3 serotonin receptors, 1 - 2 but does not appear to include glutamate receptors. 3 
AChRs are the predominant excitatory receptors in the mammalian peripheral 
nervous system, whereas glutamate receptors are the predominant excitatory recep¬ 
tors in the central nervous system. In the peripheral nervous system AChRs are 
critical for controlling skeletal muscles and consequently are the target of toxins such 
as snake venom toxins like a-bungarotoxin (aBgt), and muscle AChRs are the target 
of an antibody-mediated autoimmune response in myasthenia gravis. 4 Although \ 
outnumbered by glutamate receptors in the vertebrate central nervous system, 
neuronal AChRs are widespread. Their functional roles are not yet well known. They f 
have been implicated in learning and memory, and their number is decreased in f 

Parkinson’s syndrome and Alzheimer’s disease. 5 One measure of their significance is | 

that through nicotine they mediate the addiction to tobacco, which is predicted to \ 
cause a quarter of a billion premature deaths by the turn of the century. 6 

The three branches of the AChR gene family 7 are (1) muscle AChRs, (2) | 

neuronal AChRs that, unlike those of muscle, do not bind aBgt, and (3) neuronal I 

AChRs that do bind aBgt. All are ACh-gated cation channels formed probably from \ 

five subunits of usually two to four homologous types. 8 - 9 These subunits are thought j 

to be organized like barrel staves around a central cation channel. The synthesis, j 

structure, and function of muscle-type AChRs are known in relatively great detail, \ 

whereas the more diverse structures, functional properties, and functional roles of * 

neuronal AChRs are much less well characterized. 7-9 The functional properties of j 

various combinations of neuronal AChR subunits expressed in Xenopus oocytes have 5 

been better characterized than have the functional properties of diverse neuronal \ 

AChR subtypes in vivo , and the actual functional roles in the nervous system of many 
of the real and potential subtypes of neuronal AChRs remain to be determined. It is 
becoming apparent that many neuronal AChRs are likely to have functional roles 
that differ from the straightforward postsynaptic type of critical link in neurotransmis¬ 
sion exemplified by muscle AChRs. 

We attempt to review briefly the diversity of neuronal AChRs primarily from the 
perspective of what has been done in our laboratory. Muscle AChRs, which serve as [ 

an archetype for the gene family, are considered only briefly as a model for \ 

comparison with neuronal AChRs. Most emphasis is given to neuronal AChRs that 
bind aBgt, because they have been the most recent focus of research attention in this \ 
field. Data are presented that compare and contrast some of the properties of [ 
representatives of each of the three branches of the AChR gene family as revealed by 
expressing their cRNAs in Xenopus oocytes. ; 
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MUSCLE AChRs 

Schematic representations of the known AChR subunit sequences are depicted 
in Figure 1. All AChR subunits consist of homologous sequences 7-9 that start with a 
signal sequence cleaved during translation. The N-terminal =200 amino acids of the 
mature subunits are thought to form a large domain on the extracellular surface. This 
is followed by ~90 amino acids comprising three closely spaced hydrophobic 
sequences that are thought to form transmembrane domains (Ml—M3). M2 is 
thought to line the ion channel. Following M3 is a large cytoplasmic domain of ' 
= 100-200 amino acids. The large cytoplasmic domain is the most variable part of the 
sequence between subunits. In many AChR subunits this region contains the most 
immunogenic epitopes that are recognized by antibodies in both native and dena¬ 
tured subunits. 10 Thus, antibodies raised against bacterially expressed peptides from 
this region have been very effective at recognizing both native and denatured 
AChRs. 11 * 12 The large cytoplasmic domain is followed by a fourth hydrophobic 
sequence (M4) leading to a small = 10-30 amino acid extracellular domain at the 
C-terminus. Among the methods that have been applied to determining the trans¬ 
membrane orientation of the AChR subunit polypeptide chains is the “reporter 
epitope” method. 13 In this method, epitope sequences are inserted by in vitro 
mutagenesis, and then the transmembrane orientation of the tagged part of the 
sequence is determined using a monoclonal antibody (mAb) to the epitope to label 
the extracellular or cytoplasmic surface of the AChR expressed from cRNA in 
Xenopus oocytes. The reporter epitope method has the technical virtue that it avoids 
the slow and expensive process of making new antibodies. It should be able to probe 
the transmembrane orientation of any part of a subunit sequence that is on the 
protein surface and that is not part of an active site. The basic method should be 
applicable to any cloned membrane protein. 

AChR subunit genes are scattered over several human chromosomes: l(p2), 
2(al,7,S), 8(ot2), 15(o3, a5, <*7, p4), 17(pi), and 20(a4). 14-19 Genes for subunits that 
are components of a native AChR are not necessarily located together. Thus, the 
genes for al, pi, 7, and 8 subunits of muscle AChR are on two chromosomes, as is 
the case for the genes for a4 and p2 subunits of the brain AChR subtype with high 
affinity for nicotine. However, the a3, (34, and a5 genes that encode subunits of 
ganglionic AChRs are contiguous on a single chromosome. 

Muscle al subunits mature in their conformation after synthesis and before 
assembly with other subunits. 20 This conformational maturation is marked by their 
acquisition of the ability to bind aBgt to what will become the ACh binding site (and 
is in part composed of amino acids in the region 180-200) 8 and mAbs to the main 
immunogenic region (which is in part composed of amino acids in the region 
66-76). 2l * 22 This conformational maturation is thought to be associated with forma¬ 
tion of a disulfide bond between cysteines al28 and al42 23 to form a loop which is 
conserved in all AChR subunits, and which in most contains an N-glycosylation site 
at 141. 7-9 Similar maturation events may occur with all AChR subunits, but have not 
been studied. Ability to bind ACh and small cholinergic ligands is not acquired until 
al associates with 7, 8, or e subunits; the binding site is thought to be formed at the 
interface between subunits. 24-26 The extracellular domain is thought to be largely 
responsible for the specific associations between muscle AChR subunits. 25 Sequence 
homologies suggest that similar considerations apply to the assembly of neuronal 
AChR subunits and the formation of ACh binding sites at some subunit interfaces. 

At mature neuromuscular junctions the AChRs are composed of two al subunits 
in combination with one each of pi, 8, and e subunits. 8 Extrajunctional AChRs found 
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FIGURE 1. Comparison of AChR subunit sequences. The sequences of known AChR subunits 
are schematically represented to indicate the homologies in their structures. The complete 
aligned amino acid sequences of all rat AChR subunits are listed in reference 7. 
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\ before innervation or after denervation differ from mature AChRs by substituting y 

; \ f or e subunits, resulting in increased duration of channel opening and an increased 

i ! rate of turnover, among other changes. The subunits are thought to be arranged 

a around a central cation channel in the order al, 5, al, e, (3 in such a way that two 

l acetylcholine binding sites are formed, one at the interface between a and 5 subunits 

and the other between al and e subunits. Evidence suggests that the channel of both 
{- [ muscle and neuronal AChRs is lined by amino acids from the second transmembrane 

domain (M2). 7 - 9 

\ The structure of muscle type^AChRs from Torpedo electric organ has been 

determined to a resolution of 9 A by Nigel Unwin’s studies of two dimensional 
ciystalline arrays of AChRs in membrane fragments. 27 This analysis reveals in side 
view an 80-A-wide 120-A-long protein extending 60 A on the extracellular surface 
and 20 A on the cytoplasmic surface. Viewed from the top, a pentagonal array of 
subunits is seen to surround a channel of 25 A in diameter at its mouth which 
narrows abruptly at the level of the lipid bilayer and then flares open again on the 
! cytoplasmic surface. Only a single transmembrane a helix was observed in each 

| subunit. It was suggested that this a helix might correspond to the channel lining 

domain M2, but other evidence indicates that at least part of M2 is in a (3 
; conformation. 28 In any case, it seems that most of the transmembrane sequences of 

AChR subunits must be in p rather than a helical conformations. Because of the 
basic homologies in sequence between the subunits of all AChR subunits, it seems 
likely that they all have a basically similar size and pentagonal shape. 
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NEURONAL AChRs THAT DO NOT BIND a-BUNGAROTOXIN 

Putative neuronal AChR subunit cDNAs have been identified by low stringency 
hybridization starting with muscle AChR probes. 9 ’ 29 * 30 These have been termed 29 
a2-a6 if they contained a cysteine pair homologous to the pair at 192 and 193 in al 
subunits which can be affinity-labeled by ACh analogues. 8 Homologous cDNAs that 
did not contain this cysteine pair were termed p2-p4. Pairwise combinations of a2, 
a3, or a4 with p2 or p4 subunits form ACh-gated cation channels when coexpressed 
in Xenopus oocytes. 9 ’ 29 ’ 30 This allows for many potential AChR subtypes to be 
expressed in various regions or at different times during development. Although the 
localizations, developmental, and functional roles of these subtypes have not been 
worked out in detail, some simplifying generalizations have emerged. In the mature 
mammalian brain the predominant AChR subtype that does not bind aBgt is 
composed of a4 and p2 subunits. 31,32 These a4p2 AChRs comprise at least 90% of 
the high-affinity nicotine binding sites. In retina 33 and autonomic ganglia, 11 the 
predominant AChR subtype which does not bind aBgt includes a3 subunits. 

AChRs with high affinity for nicotine have been immunoaffinity-purified from 
brains of chickens, 34,35 rats, 31 cattle, and humans 32 using antibodies. Such AChRs 
have subsequently been affinity-purified from rat brains by affinity chromatography 
using bromoacetylcholine-agarose. 36,37 In rats and chickens N-terminal amino acid 
sequencing identified a4 and p2 subunits as the components of this AChR sub¬ 
type. 33,38,39 This conclusion has subsequently been confirmed by immunological 
analysis as well, using subunit-specific mAbs 32 and antipeptide sera. 33,40 Whereas in 
mammals 32 a4(32 AChRs comprise >90% of the brain AChRs with high affinity for 
nicotine, in chickens nearly half of such AChRs are formed by |32 in combination 
with an a subunit yet to be identified. 35 Evidence shows that a small fraction of a4(32 
AChRs may have o5 subunits associated. 41 Mouse fibroblasts permanently trans¬ 
fected with a4 and (32 subunits exhibit ACh-gated cation channels and the same 
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pharmacological properties as native brain AChRs for binding of [ 3 H]nicotine and 
competing ligands . 42 * 43 The subunit stoichiometry was shown to be (ot4) 2 (p2 ) 3 using a 
method that involved purifying metabolically labeled «4p2 AChRs . 44 This method 
involved expressing these cDNAs in [ 35 S]methionine-labeledXc« 0 /ws oocytes, isolat¬ 
ing fully assembled AChRs of the same ~ 10S size as native AChRs by sucrose 
gradient sedimentation, affinity-purifying these AChRs, purifying their subunits by 
PAGE, determining the ratio of [ 35 S]methionine label in the subunits, and then 
correcting for the methionine composition of these subunits . 44 This general method 
for stoichiometry determination was also shown to work for muscle AChR, and 
should work for any cloned multisubunit receptor similarly expressed. The same 
(a4) 2 (p2 ) 3 stoichiometry was also inferred from an electrophysiological method . 45 
Thus, in the one case where the stoichiometry of a neuronal AChR subtype is known, 
the pentagonal symmetry of (al) 2 pl 78 AChRs of muscle is conserved, as presumably 
is the presence of two ACh binding sites; however, only two kinds of subunits 
compose that neuronal AChR subtype rather than the four kinds of subunits which 
compose muscle type AChRs. 

Immunohistological localization of p 2 subunits throughout rat brain using a 
subunit-specific mAb revealed a wide distribution 46 which closely paralleled that of 
high-affinity sites for binding [ 3 H]ACh or [ 3 H]nicotine, and which overlapped but 
was distinct from the pattern of [ 125 I]aBgt binding . 47 These results have subsequently 
been confirmed by others using an antipeptide serum to p2 antibodies . 48 Monoclonal 
antibodies have also been used to localize p 2 subunits in chick brain and retina . 49-52 
Transport of AChRs down the axons of retinal ganglion cells to their termination in 
the superior colliculus and other nuclei was demonstrated by showing that removal of 
an eye eliminated all labeling by a p2-specific mAb of the contralateral superior 
colliculus . 46 p 2 was also located in dorsal root ganglion cells . 46 These results are 
consistent with the idea that many a4p2 AChRs are located presynaptically where 
they may function to modulate the release of ACh or another transmitter. This is 
consistent with evidence for transport of AChRs in the habenulointerpeduncular 
tract , 51 and with evidence that AChRs can modulate the release of dopamine and 
other transmitters from synaptosomes . 53 - 54 

The a4p2 AChRs account for > 90% of the high-affinity nicotine binding sites in 
mammalian brains , 32 and the amount of ee4p2 AChRs in brain is increased by chronic 
exposure to nicotine . 40 This effect does not appear to result from an increase in 
transcription of a4 or p2 subunits . 55 Instead, this effect appears to result from a 
decrease in the rate of destruction of a4p2 AChRs . 56 This was demonstrated by 
showing that chronic exposure to i p.M nicotine caused a twofold increase in the 
amount of a4p2 AChRs in transfected fibroblasts, and that after prevention of 
synthesis of new proteins by cyclohexamide the AChRs already in the membrane 
were destroyed much less rapidly in the presence of nicotine. 

The a3 AChRs are much more abundant in chick retina than are a4p2 AChRs . 33 
Chick ciliary ganglia have been shown, using subunit-specific antibodies, to contain 
AChRs which include the a3 subunit . 11 The a3 AChRs in ciliary ganglia appear to 
also contain p4 subunits and some may contain p2 subunits . 57 These AChRs also 
contain a5 subunits , 41 and are usually identified using an mAb to the main immuno¬ 
genic region on al subunits , 58 which also crossreacts with a similar sequence on a 5 
subunits . 41 Human cc5 subunits will assemble with human a3 and p2 59 or p4 subunits 
and be expressed on the surface of Xenopus oocytes, but a5 is not expressed on the 
surface when expressed alone or in combination with p2 subunits . 60 The exact 
subunit composition or stoichiometry of native a3 AChRs is not known, but it is clear 
that they do not include al subunits which are expressed in the same neurons . 57 The 
a3 AChRs have been immunohistologically located to the postsynaptic regions of the 
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cholinergic synapses on these neurons, 61 ’ 62 whereas the al AChRs have been 
localized away from these synapses on pseudodendrites 63 where the source of ACh to 
stimulate them is not obvious. However, it is not clear whether a3 AChRs will always 
be found at postsynaptic localizations or whether al AChRs will always be found at 
extrasynaptic locations. 


NEURONAL AChRs THAT BIND a-BUNGAROTOXIN 

a-Bungarotoxin binding proteins affinity-purified from chick brain yielded a 
partial amino acid sequence that 64 was used to design an oligonucleotide probe that 
was used to identify a cDNA for al subunits. 12 This cDNA was used to identify an a8 
cDNA from chick brain which exhibited a very similar sequence. 12 a7 has subse¬ 
quently also been cloned from rats 65 and humans. 15 ’ 16 ’ 66 al and aS are homologous in 
sequence to, but about equally distinct from, muscle al and neuronal a2-a6. 12 

Demonstration that al and a8 are components of aBgt-binding AChRs de¬ 
pended on using mAbs to bacterially expressed large cytoplasmic domain fragments 
of al and a8 to immunoprecipitate [ 125 I]aBgt-labeled AChRs. 12 The epitopes for 
these mAbs have been mapped more precisely using synthetic al and a8 peptides. 67 
Synthetic peptides have also been used to show that aBgt binds to amino acids within 
the sequence 180-200 of al and a8 subunits. 68 Most brain AChRs that could bind 
aBgt (75%) were found to contain al subunits, whereas a minority were found to 
contain both al and a8 subunits. 12 By contrast, in retina the majority of AChRs that 
can bind aBgt (69%) contain a8 subunits, and both a7a8 AChRs (17%) and al 
AChRs (14%) comprise minority populations. 69 The complete subunit composition 
or stoichiometry of these al, aS or a7a8 AChRs is not known, but it is clear from 
immunoprecipitation experiments that they do not contain other known AChR 
subunits. All preparations of purified aBgt binding neuronal AChRs that have been 
reported contain several peptide components, 31 ’ 70 ’ 71 and it is likely that some of these 
peptides correspond to AChR subunits that have yet to be identified. 

Ballivet and co-workers first showed that al had the remarkably useful property 
of efficiently forming homo-oligomeric ACh-gated cation channels when expressed 
in Xenopus oocytes. 72 Figure 2 shows that al homomers are expressed as efficiently 
on the surface of Xenopus oocytes as are the native AChR subunit combinations 
a4(32 and aipiyS. FIGURE 3 shows that al homomers form ACh-gated cation 
channels, although the currents detected per a subunit are lower than for a4p2 
AChRs or aipiyS AChRs. As will be discussed below, this is due in part to rapid 
desensitization of the al homomers. These three AChR subtypes differ in pharmaco¬ 
logical properties, as illustrated in Figure 4. The al homomers have higher affinity 
for nicotine than ACh, whereas for alplyS AChRs the opposite is true. Nicotine and 
ACh are most potent at activating the a4p2 AChR subtype, and they also have, by 
far, the highest equilibrium binding affinities for the desensitized conformation of 
this subtype. 32 ' 42 ’ 75 Nicotine is a full agonist on al homomers and a4p2 AChRs, but 
only a partial agonist onaipiy5 AChRs. All three subtypes exhibited Hill coefficients- 
between 1.5 and 1.8. This suggests that not only for (al) 2 pl75 AChRs (as has long 
been known), 76 but also for (a4) 2 (p2) 3 AChRs and even (a7) s homomers, ACh must 
bind at two sites to provide sufficient energy to activate opening of the channel. This 
presumably reflects the basic homologies in the structures of these subtypes. Presum¬ 
ably only two binding sites are present in the subtypes with two a subunits, whereas 
activation of only two of five potential subunits is sufficient to activate al homomers. 

The existence of efficiently expressed functional homomers of al greatly simpli¬ 
fies mutagenesis and expression studies, and has led to a series of very instructive 


Source: https://www.industrydocuments.ucsf.edu/docs/pnvbOOOO 






106 


ANNALS NEW YORK ACADEMY OF SCIENCES 


al cx4R2 cclBlvS 



12S IaBgt 125 I mAb 299 125 IaBgt 

a Subunit Ligand 

FIGURE 2. Comparison of surface 13 and total ■ expression in Xenopus oocytes of chicken a7 
homomers, chicken a402 AChRs, and Torpedo al{31y8 AChRs. Note that the fraction of AChR 
on the surface is very similar for both a7 homomers (40%), a4(32 AChRs (35%), and al(31y5 
AChRs (38%). Oocytes were injected with 15 ng of cRNA for the indicated subunits and 
assayed 3 days later in this and all subsequent figures. Surface a7 and al(31y5 AChRs on intact 
oocytes were measured using [ I25 I]aBgt. Surface a4R2 AChRs were measured using [ I25 I]mAb 
299 to a4 subunits. 32 Total AChR concentrations were measured with the same [ I25 I]ligands 
using immunoisolated, detergent solubilized AChRs. Triton X-100 extracts of the oocytes were 
applied to Immulon-4 microwells coated with mAb 318 to al subunits, 73 or mAb 270 to (J2 
subunits, 35 or mAb 210 to al subunits. 74 


experiments by Changeux and co-workers. These include the demonstration that ion 
channel selectivity could be changed from cation to anion by mutagenesis of as few as 
two amino acids in the M2 region of a7 to correspond to amino acids found in 
homologous positions of glycine and GABA receptors, 77 and the demonstration that 
replacing the N-terminal domain of a 5HT-3 receptor with that of a7 produced 
ACh-gated channels characteristic of 5HT-3 receptors. 78 These experiments strik¬ 
ingly illustrate the fundamental homologies in structure between the different 
members of the ligand-gated ion channel superfamily which includes AChRs. 

The a7 AChRs and aS AChRs differ in their pharmacological properties. 69 ’ 73 ’ 79 
The a.7 AChRs have lower affinity for aBgt (Ka = 2 nM) than does muscle AChR, 
which binds aBgt nearly irreversibly, but al AChRs have higher affinity for aBgt than 
do a8 AChRs (Ka - 20 nM). 69 - 73 Because of their low affinity for aBgt, a8 AChRs 
may not be detected by the 1 nM concentrations of aBgt frequently used in binding 
studies. The al AChRs have much lower affinity for small cholinergic ligands than do 
a8 AChRs. 73 Also, a8 AChRs exhibit heterogeneity in ligand binding not seen with 
al AChRs. For example, the IC 50 value for nicotine is 1.3 p.M for a7 AChRs, 0.012 
pM for 78% of the a8 AChR [ l25 I]aBgt binding sites, and 11 p,M for 22% of the a8 
AChR binding sites. 73 The heterogeneity in a8 AChR binding affinity may suggest 
that a8 associates with more than one kind of structural subunit. The heterogeneity 
could occur between two different ACh binding sites in one a8 AChR protein. For 
example, in a muscle AChR the affinity for curare of the ACh binding site formed by 
al and y differs from that formed by al and S. 24 Alternatively, two a8 AChR subtypes 
may occur which differ in subunit composition. Another interesting feature of the 
pharmacology of al AChRs and a8 AChRs is their relatively high affinity for the 
classic glycinergic antagonist strychnine and the classic muscarinic antagonist atro- 
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pine. The classic nicotinic antagonist curare has an IC 50 = 7 pM for al AChRs and 
IC 50 values of 0.79 jxM and 65 jaM for the two a8 AChR sites. Strychnine is nearly as 
potent, with an IC 5 q of 10 jxM for a! AChRs and IQo values of 2 |xM and 18 p,M for 
the two a8 AChR sites. Atropine has an IC 50 for al AChRs of 160 jjiM, but 0.031 p,M 
and 390 jxM for the two a8 AChR sites. 

Pharmacological properties of al and a8 AChRs are generally, but not precisely, 
reflected by the properties of al and a8 homomers expressed i nXenopus oocytes. 79 * 80 
The differences may be due to differences in posttranslational modifications in the 
expression system, but are more likely to be due to the lack of structural subunits 
normally associated with al and aS subunits in vivo . The al homomers are expressed 
on the surface of oocytes at about the same 40% of total rate observed with odlpl75 
AChRs or a4(32 AChRs expressed in oocytes (Fig. 2), whereas <5% of a8 
homomers are expressed on the surface at similar cRNA doses (15 ng). 79 At very high 
cRNA doses (100 ng), a8 homomer expression on the surface can increase to nearly 
15%. 79 Separation of homomers on a sucrose gradient reveals that only al homomers 
of the ~ 10S size of native al AChRs can bind [ l25 I]aBgt, 80 whereas aS homomers in 
various states of aggregation can bind [ 125 I]odBgt. 79 The al homomers immunoiso- 
Iated on mAb-coated microwells had monotonic ligand binding properties, 80 but a8 
homomers under these conditions displayed very broad binding curves. 79 This may 
reflect the observation in muscle AChRs that the ACh binding sites are formed at the 
interfaces between subunits. 8 Thus, ligands may only bind when adjacent al subunits 
are properly positioned in a fully assembled pentamer, whereas various associations 



FIGURE 3. Comparison of current per surface a subunit for expression in Xenopus oocytes of 
chicken al homomers, chicken a4£2 AChRs, and Torpedo al£l75 AChRs, using saturating 
ACh at —90 mV. The experiments shown here and in subsequent figures used inhibitors of the 
Cl" channel to prevent enhanced currents due to activation of the Cl" channel by Ca 2 * entering 
through the AChR channels. Note that the current/a subunit is much lower for al homomers 
than for the other AChR subtypes. As may become evident from subsequent figures, this was 
probably due to a combination of several factors including (1) rapid desensitization of al , (2) 
possible side effects of the inhibitors of Cl" channels used, and (3) the presence of five a 
subunits in an al homomer rather than two in an (a4) 2 02) 3 AChR or an (al)2(3l75 AChR. 
Surface a subunits were measured as shown in Figure 2. In this and all subsequent figures a 
two-electrode voltage clamp (Oocyte Clamp OC-725, Warner Instrument Corporation) was 
used as described below. The chamber was continuously perfused with 96 mM NaCl, 2 mM KC1, 
1.8 mM CaCb, and 5 mM HEPES buffer pH 7.5 at 10 mL/min. The perfusing solution 
contained 0.5 ^M atropine to block muscarinic receptors. The perfusing solution for al 
homomers and «402 AChRs also contained 100 |xM each of niflumic and flufenamic acids to 
block Ca 2 +-activated Cl" channels. These were not added to ctlpl^S AChRs because their 
Ca 2+ conductance was quite low. 
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FIGURE 4. Comparison of ACh and nicotine dose/response curves for chicken a.7 homomers, r 

chicken <*4(32 AChRs, and Toqpedo ctl(31y8 AChRs expressed in Xenopus oocytes. Note the : 

contrasting pharmacological properties of the three AChR subtypes: (1) a7 homomers, like | 

native a7 AChRs , 73 have higher affinity for nicotine (EC 50 = 9 p.M) than ACh (EC 50 = 110 [ 

p.M); (2) nicotine (EC 50 = 0.42 }juM) and ACh (EC 50 = 0.45 |xM) have equally high affinity for j 

a4|32 AChRs; and (3) muscle-type AChRs have higher affinity for ACh (EC 50 = 5.9 p.M) than i 

nicotine (EC 50 = 245 fxM). Saturating concentrations of both ACh and nicotine induced similar \ 

maximum currents with both a7 homomers and a4(32 AChRs. However, nicotine behaved as a f 

partial agonist on a 1(31 75 AChRs and, at saturating concentrations, produced currents 2-3-fold 
less than produced by saturating concentrations of ACh. Hill coefficients calculated at low f 

concentrations of agonists (to avoid a reduction due to rapid desensitization at high concentra- l 

tions) ranged between 1.5 and 1.8 in all cases. This suggests that not only for (al) 2 (3l7& J 

AChRs 76 and (a4) 2 032) 3 AChRs, but also for (a7)s homomers, ACh acting at two sites is * 

required to provide sufficient binding energy to activate opening of the channel. | 


of a 8 subunits bind aBgt, but with differing affinities. Surface a 8 homomers assayed ; 
for pharmacological effects on function exhibit monotonic dose/response curves , 79 j 
suggesting that only properly assembled pentamers may be expressed on the surface. j 

The limited sequence differences between the N-terminal extracellular domains of \ 

al and a8 subunits 12 presumably account for their pharmacological differences. f 

Expression of a series of mosaics between cO and a 8 subunits reveal that virtually all i 

of the pharmacological differences between al and a 8 can be accounted for by amino 
acids between 179 and 208. 81 j 

The ion channel properties of al and a 8 homomers are identical, reflecting their l 
virtually identical sequences in the Ml—M3 region . 79 As initially noted by Patrick j 

and co-workers , 65 the most striking feature of these channels is that they are at least * 

as selective for Ca 2+ as are NMD A receptor channels. The increased Ca 2+ selectivity 5 

of neuronal AChRs and al homomers, in particular, as compared to muscle type 
AChRs is illustrated in Figure 5. The Ca 2+ that enters the channels can act as a j 

second messenger and in Xenopus oocytes activates a Cl” channel . 66 ’ 79 In vivo, this i 

property could permit these AChRs to regulate many channels and processes, for ■ 
example, neurite extension . 83 ' 85 In Xenopus oocytes, activation of the Cl - channel 5 
can be used to amplify the weak signal from a 8 homomers. Another striking feature j 
of al and a8 homomer channels is the rapidity with which the response desensitizes. I 
Native al AChRs have been reported to desensitize so rapidly that especially fast j 
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agonist application and fast electronics are required to measure channel opening 
accurately. 86-88 This no doubt has been responsible for the failure to detect the 
activity of these AChRs until quite recently. In oocytes, the relative slowness with 
which the large cells can be perfused may prolong the response and be used to 
experimental advantage. The rapid rate of al homomer desensitization as compared 
to 0-4(32 AChR or alplyS AChR desensitization is shown in Figure 6 . A third 
feature of their channels is strong inward rectification. Thus, as the cell depolarizes, 
al and a8 homomer channels close. This is the opposite of the rectification exhibited 
by NMDA receptors. Neuronal a4(32 AChRs, like a7 homomers, exhibit rectifica¬ 
tion, by contrast with muscle type AChRs, as shown in Figure 7. Curiously, both the 
rapid desensitization and inward rectification combine to minimize sustained ion flux 
through these channels. These self-limiting responses seem especially curious when 
considering the case of al AChRs at extrasynaptic locations removed from obvious 
sources of ACh. 

The al AChRs have been histologically localized by binding of [ 125 I]aBgt 47 and 
mAbs, 50 ’ 52 ’ 69 ’ 89 and by in situ hybridization. 65 In rat brain al is prominent, for example 


Typical Responses 

<x7 oc4(32 
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FIGURE 5. Comparison of the fraction of the current carried by Ca 2+ for AChRs expressed in 
Xenopus oocytes by chicken al homomers, chicken <*4(32 AChRs, and Torpedo alpl .75 AChRs. 
Note that a much larger fraction of the total current through al homomers is carried by Ca 2 * 
than is the case with the other AChR subtypes. This is consistent with other observations in 
oocytes and neurons. 65 * 82 All extracellular cations were replaced by 200 mM sucrose leaving 
only 1.8 mM Ca Cl 2 in the bathing solution. 
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in the hippocampus. 65 ’ 89 This is a region not rich in a4p2 AChRs, 46 but rich in NMDA 
receptors. Albuquerque and co-workers have found a7-like AChR function to be 
present on nearly all hippocampal neurons in tissue culture. 86-88 

The aS subunits have been immunohistologically localized in chick brain and 
retina. 50 ’ 52 * 69 a3, a7, aS, and p2 have also been immunohistologically localized in 
chick brain and retina. 33 * 49 " 52 ’ 69 ’ 90 " 92 Double-labeling studies have been employed to 
co-localize different subunits to particular cells. 91 Developmental studies in retina 
have traced the early development of neurons expressing a8 and a3 subunits starting 
from embryonic day 4.5. 92 Various types of amacrine and ganglion cells contain a3, 
p2, a7, and a8 subunits, whereas bipolar cells have only c*8 subunits. 91 High- 
resolution localization of these AChRs in combination with electrophysiological 
studies will be necessary to understand their physiological roles. 

Chick cochlear hair cells were shown by Fuchs and co-workers to exhibit a 
response to ACh from efferent endings of brain stem neurons which could be 
blocked by aBgt. 93 ' 94 This response exhibits several interesting properties which 
might exemplify the sorts of synaptic mechanisms in which a7 and a8 AChRs may 
participate. It was found that ACh invoked Ca 2+ influx through these AChRs which 
resulted in a long-lasting inhibitory hyperpolarizing response due to activation of 
Ca 2+ -dependent K + channels. These AChRs could be blocked by aBgt, curare, 
atropine, and strychnine. We found that cochlear sensory epithelium contains a7 
mRNA and have immunoisolated a7 but not a8 or al AChRs from cochlear sensory 
epithelium. 95 These immunoisolated cochlear AChRs display pharmacological prop¬ 
erties identical to those of brain a7 AChRs. Newly identified a9 AChRs have also 
been detected in rat cochlear hair cells, and their pharmacology closely resembles 
that observed in chick cochlea. 96 Thus, hair cells express several AChR subunits. 


Typical Responses 
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FIGURE 6. Comparison of rates of desensitization of chicken a7 homomers, chicken a4p2 
AChRs, and Torpedo alpl75 AChRs expressed in Xenopus oocytes. Note that al homomers 
desensitize much more rapidly than the other AChR subtypes. The rate of desensitization may 
be underestimated due to the time necessary to perfuse the oocytes. 
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Normalized Current (I/I-50mV) 

FIGURE 7. Comparison of rectification properties of chicken a7 homomers, chicken a4p2 
AChRs, and Torpedo al(31y8 AChRs expressed in Xenopus oocytes. Note that both neuronal al 
homomers and <x4p2 AChRs exhibit strong inward rectification and thus close their channels at 
depolarizing potentials, whereas muscle-type AChRs exhibit a non recti tying, relatively linear 
I/V curve. 


CONCLUDING REMARKS 

AChR subtypes from muscles and nerves exhibit structural and functional 
homologies dictated by the common evolutionary origin of their subunits, but they 
also differ significantly in important subtleties of their subunit compositions, pharma¬ 
cological properties, ion channel properties, and functional roles. Muscle-type 
AChR is the best characterized ligand-gated ion channel, and is frequently used as a 
model for understanding both homologous and unrelated ligand-gated ion channels; 
however, as its structure is determined with increasing precision, surprises continue 
to be revealed. Much less is known about the structures and functions of neuronal 
AChRs, but it is likely that in addition to serving as the direct postsynaptic link in 
neurotransmission exemplified by muscle-type AChRs, some will also serve in 
different functional roles to which their structures have adapted. 
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